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We review our recent results on ferromagnetic superconductors, URhGe and UCoGe. High quality single 
crystals of both compounds were successfully grown. The specific heat shows a clear jump related to the 
superconducting transition in UCoGe. The finite values of C/T at OK are discussed in terms of the self- 
induced vortex state and the value of the ordered moment. With increasing fields for // || b-axis in URhGe, 
the jump of thermal expansion increases and shifts to lower temperature. The re-entrant and S-shaped 
superconducting phases for URhGe and UCoGe respectively are explained by the unusual field dependence 
of the effective mass, which is induced by the ferromagnetic instability when the field is applied along the 
hard magnetization b-axis. The magnetic fluctuations are very sensitive to the field orientation. This is 
reflected in the Hc2 and the anisotropy of the effective mass. 
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1. Introduction 

Ferromagnetism had been thought to be antagonistic to su- 
perconductivity, because the large internal field destroys the 
superconducting Cooper pairs easily. More than three decades 
ago, several ferromagnets, such as ErRh4B4,'' Chevrel phase 
compound HoMoeSg,^^ were already reported to show super- 
conductivity, however, the Curie temperature Tcuiie is lower 
than the superconducting transition temperature Tsc. When 
the ferromagnetic state is well established, the superconduct- 
ing state is expelled, meaning that both phenomena are com- 
petitive each other. 

UGe2 is the first material which shows coexistence of ferro- 
magnetism and superconductivity.-'^ rcuiie is suppressed with 
pressure and changes into the first order at tricritical point, and 
finally becomes zero at P^- The superconductivity appears be- 
low Pc displaying that the superconducting state exists only 
in the ferromagnetic state. The exotic superconducting state 
based on the spin-triplet state, which is free from the pair- 
breaking due to the ferromagnetic large internal field, is ex- 
pected. Recently we have clarified the existence of the firtst 
order transition under magnetic fields, indicating the "Wing"- 
shaped T, P, //-phase diagram.**' (see also ref. 5) 

URhGe with the TiNiSi-type orthorhombic structure also 
shows coexistence of ferromagnetism (Tcm-ie = 9.5 K) and su- 
perconductivity (Tsc = 0.25 K) at ambient pressure.^' With in- 
creasing pressure, Tcuiie increases while T^^ decreases and be- 
comes zero around 4 GPa, indicating that URhGe goes away 
from quantum criticality with pressure.^' Instead, the mag- 
netic field for a given crystallographic direction is a tuning pa- 
rameter for quantum criticality at ambient pressure. When the 
field is applied along the hard magnetization b-axis, reentrant 
superconductivity is observed between 8 and 13T, which is 
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associated with a spin-reorientation at //r = 12 T."^' Recently, 
we found an enhancement of the effective mass around //r."'' 
This mass enhancement increases T^c under magnetic field, 
as a result, superconductivity is reinforced at high fields. The 
key points are: i) Hc2 is governed only by the orbital limit 
//orb, which is related to the effective mass m* and Tsc, namely 
^^orb ~ {nfTscf, while there is no Pauli paramagnetic limit 
caused by the Zeeman spin splitting effect, because the spin- 
triplet state with the strong Ising character of feiTomagnetism 
is realized;"* ii) the magnetic fluctuations associated with the 
feiTomagnetic instability develops at high fields around //r, 
and the effective mass is enhanced. 

UCoGe is a family of URhGe with the identical crys- 
tal structure. Tcurie (~ 2.6 K) and the ordered moment (~ 
0.05 jUb) are relatively small, indicating a weak itinerant ferro- 
magnet.'^' The superconductivity appears below T^^ ~ 0.6 K. 
The Co-NQR experiments confirm the microscopic coexis- 
tence of ferromagnetism and superconductivity.'^' It is also 
suggested the feiTomagnetic transition is of first order, from 
the abrupt change of the NQR frequency below Tcurie- Con- 
trary to the phase diagram of UGe2 and the previous theoret- 
ical prediction,'^* T^c reveals a broad maximum at P^, where 
Tcurie is suppressed by pressure, and the superconductivity 
survives not only in the ferromagnetic state, but also in the 
paramagnetic state. '^'^' A new theory explains this phase di- 
agram from the group symmetry approach.'"^' According to 
this theory, the first order transition between ferromagnetic- 
superconducting phase and paramagnetic-superconducting 
phase is inevitably accompanied. Recently we found very 
huge and highly anisotropic Hc2 in UCoGe. //c2 for H \\ c- 
axis (easy-magnetization axis) is relatively small, 0.6 T. How- 
ever, when the field is applied along the hard magnetization a 
and b-axis, //c2 reaches ~ 30 T and ~ 20 T at K, respectively. 
In particular, for H \\ b-axis, the //c2 is strongly enhanced 
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at r/Tsc ~ 0.4 with an inverse S-shaped curve. The resis- 
tivity A coefficient, which is proportional to square of effec- 
tive mass from Kadowaki-Woods ration, is quite anisotropic. 
While the A coefficient for H \\ c-axis is suppressed under 
magnetic fields, as usually observed in weak itinerant ferro- 
magnets. The A coefficient for H \\ b-axis remains high value 
and shows a maximum around 14 T where the S-shaped Hc2 
curve appears. The reduced Tcurie under magnetic fields is 
connected to the S-shaped Hc2 curve, thus it is naively be- 
lieved that magnetic fluctuations tuned by the magnetic field 
reinforces the superconductivity, which resembles to the reen- 
trant superconductivity in URhGe. 

In UTGe (T: transition metal), the Sommerfeld coefficient y 
and the magnetic transition temperature (Neel temperature Tn 
or Tcurie) systematically change as a function of the distance 
between the next nearest neighbors of uranium atoms du-\j, 
as shown in Fig. 1. The du-u of UCoGe and URhGe is close 
to the so-called Hill limit 3.5 A). Both are located between 
the paramagnetic state and antiferromagnetic state, and the 
ordered temperatures are relatively small. On the other hand, 
the y-value in UCoGe and URhGe are relatively large with 
a maximum value for URhGe, 160mJ/K^mol, indicating the 
heavy electronic state, which might be favorable for heavy 
fermion superconductivity. For UCoGe, the y-value is only 
60mJ/K^mol, however, it is relatively large since the carrier 
number is small compared to URhGe. ^'-^^^ 
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Fig. 1 . (Color online) Sommerfeld coefficient y and the magnetic transition 
temperature (Tn or Tcuric) as a function of the distance between the next 
nearest neighbors of uranium atoms t/u-u in UTGe (T: transition metal). 
PM, FM and AM denote paramagnetism, ferromagnetism and antiferro- 
magnetism, respectively. 



2. Experimental 

High-quality single crystals of URhGe and UCoGe were 
grown using the Czochralski method in a tetra-arc furnace. 
The starting materials with appropriate ratio were melted un- 
der purified Ar atmosphere gas. The polycrystalline ingot was 
turned over and melted again. This process was repeated sev- 
eral times in order to obtain a homogeneous phase. Then 
the single crystal was pulled using a seed crystal at a slow 



pulling rate 15 mm/hr. The obtained single crystal of UCoGe 
is shown in Fig. 2. Single crystals were subsequently annealed 
under ultra high vacuum (UHV) in a horizontal radio fre- 
quency furnace at a temperature just below the melting point 
for 12 hrs. Single crystals were then annealed again under 
UHV for 20 days at 900 °C in an electrical furnace. Single 
crystals were cut by a spark cutter Since both URhGe and 
UCoGe are most likely incongruent melt, it is very difficult to 
obtain high-quality single crystals. We cut the single crystals 
into many small pieces, and looked for the high quality parts 
by resistivity and Laue photograph. The residual resistivity 
ratios (RRR) were 40-65 in URhGe and 30 in UCoGe. Resis- 
tivity measurements were done by four-probe AC method at 
low temperatures down to 70 mK and at high fields up to 16 T. 
Specific heat measurements were done using relaxation and 
semi-adiabatic methods down to 100 mK. Thermal expansion 
measurements in URhGe were done using strain gauges with 
the active dummy method. Under magnetic field, the field di- 
rection was carefully controlled by a rotation mechanism with 
the precision of 0.2 deg in order to get perfectly alignment 
with the b-axis. 
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Fig. 2. (Color online) Single crystal of UCoGe. 



3. Results and Discussion 

Figure 3 shows the temperature dependence of the spe- 
cific heat for UCoGe. At high temperature, the specific heat 
shows the small jump at 2.6 K, related to the Curie temper- 
ature Tcurie- The magnetic entropy is also small, indicating a 
typical weak ferromagnetic behavior At low temperature, the 
specific heat shows the jump again due to the superconducting 
transition at T^^ = 0.44 K. The value obtained in specific heat 
measurement coiTesponding to the bulk properties is lower 
than Tsc of resistivity, which is typically 0.6 K. This discrep- 
ancy is usually observed in many heavy fermion superconduc- 
tors, such as URu2Si2. The value of ACIyT^^ (~ 0.69) is much 
smaller than the value expected from the weak-coupling BCS 
model (1.43). It is worth noting that the small value (~ 0.6) 
is also observed in URhGe. The finite value of C/T at OK 
is approximately 20-30 mJ/K^mol. The important question is 
whether this is intrinsic or not. Of course, it is known that the 
finite value of CjT strongly depends on the sample quality. 
However, if we believe that the finite value is intrinsic, two 
possible origins can be considered: i) one of the spin Fermi 
surface is gapped, and the other is not gapped. In ferromag- 
netic superconductors, the spin triplet state is naturally be- 
lieved, and the equal spin pairing should be responsible for 
the superconductivity, because of the absence of Pauli limit. If 
the spin splitting is large due to the ferromagnetism, only one 
spin might be responsible for superconductivity and the other 
might be not, namely + and A|-f ^ 0. ii) another origin is 
due to the self-induced vortex state, where there is no H^i and 



J. Phys. Soc. Jpn. 80 (201 1) SAICHE aoki 



SAICHE'aoki-3 



the material is always in the superconducting mixed state. In 
fact, the self-induced vortex state is suggested in UCoGe by 
NQR experiments.'"^^ According to the recent magnetization 
measurement, it is also clear that there is no //d.^^'^^' 
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Fig. 3. (Color online) Temperature dependence of the specific heat in 
UCoGe in the form of C/T vs T. 



In this sense, it is interesting to compare the specific 
heat results for three ferromagnetic superconductors, UGe2, 
URhGe and UCoGe, which are shown in Fig. 4. The data of 
UGe2 cited from ref. 25 are results under pressure, where the 
ordered moment is approximately 1 //b-^^' Although the sam- 
ple is of high quality (RRR = 600) with large mean free path 
{I > 1000 A), the finite value of C/T is relatively large, ap- 
proximately 70 % of density of state is remained at K. On 
the other hand, URhGe shows a smaller residual value, which 
corresponds to 60 % of the normal state. The ordered mo- 
ment of URhGe is 0.4 /kb- Furthermore, in UCoGe, the resid- 
ual value is approximately 40 %, which is even smaller than 
those of UGe2 and URhGe, although the quality of the sample 
is less than those of UGe2 and URhGe. The ordered moment 
of UCoGe is 0.05 ;Ub- Although the sample quality must be 
improved at least in URhGe and UCoGe, it seems there is a 
link between the finite value of C/T and the ordered moment. 
That is, when the ordered moment is large, the finite value of 
C/T is also large. This relation is consistent with the scenarios 
based on the self-induced vortex state or non-gapped majority 
Fermi surface. 

Let us focus on the high temperature properties of URhGe. 
Figure 5(a) shows the temperature dependence of the ther- 
mal expansion coeflicient a for the field parallel to the hard- 
magnetization axis (b-axis). At low fields, a shows a rela- 
tively small jump, which corresponds to the Curie tempera- 
ture Tcurie- With increasing fields, the jump becomes larger 
and is shifted to lower temperatures. The field dependence 
of Tcurie is shown in Fig. 5(b). At low temperatures, the de- 
creased Tcurie under magnetic fields is linked to the spin re- 
orientation field a: 12 T. A recent theory based on the 
Landau free energy analysis explains that rcurie is suppressed 
by the field with TcumiH) - 7^Curie(0) - aH^, where a is a 
constant,^^' when the field direction is perfectly aligned with 
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Fig. 4. (Color onhne) Temperature dependence of the specific heat at low 
temperatures in UGe2, URhGe and UCoGe. The data of UGe2 were cited 
from ref. 25. 



the hard magnetization axis (b-axis). The large jump under 
magnetic fields indicate the volume change at rcmie is large, 
compared to that at zero field, suggesting that the 2nd order 
transition at zero field may change into the 1st order transi- 
tion under magnetic fields. However, no discontinuity in the 
magnetization can be found in the extrapolation to K.^^* 

In UGe2, it is known that Tcurie decreases with pressure and 
changes from 2nd order to 1st order at the tri critical point. 
Under magnetic fields, the 1st order plane in T,P,H phase 
diagram emerges and disappears at quantum critical point.'*' 
By analogy with UGe2, a similar phase diagram is suggested 
in URhGe.3°^ 
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Fig. 5. (Color online) (a)Thermal expansion measurements for H || ii-axis 
in URhGe. (b)Decrease of the Curie temperature under magnetic fields. 
Solid circles and open squares are from the thermal expansion measure- 
ments and magnetization measurements,^*' respectively. 
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Figure 6(a) shows the phase diagram of URhGe at high 
fields and at low temperatures obtained from resistivity mea- 
surements. When the field is almost perfectly aligned to b- 
axis, the re-entrant superconductivity emerges between 8 to 
13 T. The maximum temperature of the re-entrant supercon- 
ducting phase is Trscmax - 0.45 K, which is larger than the 
low field value T^^ = 0.25 K. The spin re-orientation field 
is //r = 13 T. With tilting the field direction from b to c- 
axis, the re-entrant superconducting phase shifts to higher 
field and shrinks. At 4.5 deg, the re-entrant superconducting 
phase completely disappears. r,.sc,max linearly decreases with 
the field angle and is expected to be zero at 4 deg. Correspond- 
ingly, Hr also shifts to the higher fields. 

In a previous report, we have clarified that the mass en- 
hancement plays an important role to induce re-entrant super- 
conductivity. On the basis of the McMillan-like formula, T^c 
is expected to increase when the electron correlation is en- 
hanced. We can simply describe T^c as Tsc oc exp(-m*/m**), 
where the effective mass m* and the correlation mass m** are 
related with the band mass m\, as m* - nib + ni** . In fer- 
romagnetic superconductors in the spin-triplet state, Hd is 
simply limited by the orbital limit, thus we can describe as 
Hc2 ~ ('w'Tsc)^. Therefore, the enhancement of effective mass 
increases i/c2- It must be noted that we assume that the Fermi 
surface and the band mass are unchanged. Figure 6(b) shows 
the field dependence of the A coefficient from the resistivity 
measurements, which always show the Fermi liquid behavior 
at least below 1 K within the measured field angle. According 
to the Kadowaki-Woods ratio, the A coefficient has a relation 
with the y-value, namely A oc oc V»i*. 

At Odeg, the A coefficient reveals a clear maximum at 
^A.max - 12.5 T and is strongly suppressed by further increas- 
ing field. The re-entrant superconductivity emerges when the 
A coefficient exceeds a critical value. By rotating the field an- 
gle, //A.max shifts to higher fields, and the peak structure of the 
field variation of A is smeared out. This behavior also corre- 
sponds to the re-entrant superconducting phase, which shifts 
to higher fields and shrinks with increasing the tilted angle. 

We have reported a similar behavior in the resistivity mea- 
surements under pressure. Applying pressure, the reentrant 
superconducting phase shrinks and shifts to the higher field, 
and finally disappears at 1.8 GPa. i/A,max also shifts to the 
higher field and the maximum of A is reduced. At zero field 
^curie increases and the low field superconducting Tjc de- 
creases with increasing pressure, meaning that URhGe moves 
away from a critical point with pressure. The present results 
indicate that the field angle from b to c-axis also plays a sim- 
ilar role, as pressure. The small deviation from H \\ b-axis 
to c-axis strongly suppresses the magnetic instability and the 
mass enhancement. 

In UCoGe, the small deviation from b to c-axis affects the 
Hc2 curve more drastically. As shown in Fig. 7(a), Hc2 for field 
angle less than 0.5 deg shows an S-shaped curve and reaches 
HciiQ) ~ 20 T. In our previous report with a different sam- 
ple,^"' the S-shaped curve is more significant than the present 
result. This is most likely due to the sample quality and the op- 
timization of the field angle. By tilting the field angle slightly, 
Hc2 is strongly suppressed, correspondingly the peak structure 
of the A coefficient is suppressed, as shown in Fig. 7(b). The 
huge Hc2 is basically understood by the enhancement of effec- 
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Fig. 6. (Color online) (a)Field-temperature phase diagram of URhGe for 
the field direction close to the fo-axis. The corresponding field dependence 
of resistivity A coefficient (b) and the residual resistivity po (o) 



tive mass under magnetic fields as we already mentioned in 
URhGe. Compared to URhGe, the specific points in UCoGe 
are: i) UCoGe is already close to the quantum critical point, 
ii) UCoGe is most Ukely a low carrier system,^''^^^ thus the 
field dependence of band mass is probably more significant 
than the case of URhGe. 

In order to compare the field response of the effective mass 
for different field direction, namely for hard-magnetization b- 
axis and easy-magnetization c-axis, we show in Fig. 8 the field 
dependence of the y-value and the A coefficients for H \\ b 
and c-axis in URhGe and UCoGe. The y-value for H \\ b- 
axis in URhGe is obtained from the temperature dependence 
of magnetization.^*^' From the thermodynamic Maxwell re- 
lation,^'' dM/dT = dS/dB, we can describe the y-value, as 
djIdB - 2/3, where jS is a coefficient of term of magneti- 
zation, namely M - M{0)+(3T^. In URhGe, it it clear that the 
effective mass shows a maximum at Hr ~ 12 T for H \\ b-axis 
both from the y-value and from the A coefficient, indicating 
that magnetic fluctuations are induced by the magnetic field 
For H II c-axis, the y-value decreases monotonously down to 
130 mJ/K^mol at 9 T. This is usually observed in weak ferro- 
magnets. 

In UCoGe, the field dependence of y-value looks similar 
to that of URhGe, although the data for H \\ b-axis is only 
up to 3 T. The y-value for H \\ b remains relatively large, but 
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Fig. 7. (Color online) (a)Temperature dependence of Hd for different field 
angles from b to c-axis in UCoGe. (b)Field dependence of A coefficient 
and (c)field dependence of the residual resistivity pg. 



for H II c-axis, it decreases at least down to 4T. Above 4T, 
the value starts to increase slightly, which is not observed in 
the field variation of the A coefficient. Polarized neutron scat- 
tering experiments for H \\ c-axis shows that the magnetic 
moment on the Co-site is induced in antiparallel direction at 
12 T.^^* The magnetic properties in UCoGe are more com- 
plicated than that in URhGe. This may be also related with 
the small carrier number in UCoGe. The small increase of y- 
value above 4 T can be due to such a complicated magnetic 
properties. 

Finally, we show in Fig. 9 the superconducting phase dia- 
gram of three ferromagnetic superconductors, UGe2, UCoGe 
and URhGe. In UGe2, the field is applied along the easy- 
magnetization a-axis and the pressure is between and 
Pc- With increasing field, it is known that the ferromagnetic 
phase changes from FMl (weakly polarized) phase to FM2 
(strongly polarized phase). The dotted line corresponds to the 
so-called H^. The Hd curve is also unusual, indicating an 
abrupt enhancement with an S-shaped curve. The A coeffi- 
cient displays a maximum at and then is immediately sup- 
pressed above H^?^^ This is similar to the data on URhGe and 
UCoGe. However, there is a drastic change of Fermi surface 
between FMl and FM2 phase, meaning that both kp and 
the band mass also change below and above H^. The response 
to Hc2 curve might be more complicated than those of URhGe 
and UCoGe. On the other hand, in URhGe and UCoGe, we 
can simply explain //c2 curve from the field dependence of 
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Fig. 8. (Color online) Field dependence of the y-values for H \\ h and c- 
axis in URhGe(a) and in UCoGe(b). The data for H \\ Z)-axis in URhGe was 
obtained from the magnetization measurement using the thermodynamic 
Maxwell relation, ' assuming y = 160mJ/K-mol at zero field. The field 
dependence of the A coefficient in URhGe(c) and UCoGe(d).^''* 



the effective mass, where we assume unchanged Fermi sur- 
faces and the constant band mass with field. Up to now, there 
is no direct evidence that the Fermi surface is unchanged. In 
particular, if Hr in URhGe is not a first order transition, the 
preservation of Fermi surface is a good approximation. 
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Fig. 9. (Color online) Field-temperature phase diagrams of UGe2,^*' 
UCoGe^"' and URhGe. SC denotes the superconducting phase, and the 
dotted lines are the magnetic anomalies. In UGe2, the field is applied to 
the easy-magnetization axis (o-axis), and the pressure is between and 
Pc- With increasing pressure, the ferromagnetic phase changes from FMl 
(weakly polarized) phase to FM2 (strongly polarized) phase. 



4. Summary 

We have shown our recent results in ferromagnetic super- 
conductors, focusing on UCoGe and URhGe. Unusual behav- 
iors of //c2 curve is explained by the field dependence of the 
effective mass. The spin triplet state with equal-spin pairing 
is most likely realized, since //c2 is governed only by the or- 
bital limit in the absence of Pauli limitation. When the field 
is applied along the hard magnetization axis, magnetic fluc- 
tuations are induced and thus the effective mass shows the 
maximum at a certain field. This is very sensitive to the field 
orientation and the slight tilt to the easy magnetization axis 
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strongly suppresses both magnetic fluctuations and supercon- 
ducting phase. It is worth noting that a recent theory explains 
the large anisotropy of //c2 on the basis of a strong coupUng 
behavior for // || a-axis near ferromagnetic quantum critical 
points. 
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